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LEGAL NOTICE

This report was prepared as an account of government-sponsored
work. Neither the United States, nor the Maritime Administra-
tion, nor any person (A) Makes any warranty or representation,
expressed or implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this report, or that
the use of any information, apparatus, method, or process dis-
closed in this report may not infringe privately owned rights; or
(B) Assumes any liabilities with respect to the use of or for dam-
ages resulting from the use of any information, apparatus, meth-
od, or process disclosed in this report. As used in the above,
"persons acting on behalf of the Maritime Administration" in-
cludes any employee or contractor of the Maritime Administra-
tion to the extent that such employee or contractor prepares,
handles, or distributes, or provides access to any information
pursuant to his employment or contract with the Maritime
Administration.
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I. INTRODUCTION

This study supplements the previous investigations reported in Volumes I and II of
"An Investigation into Safety of Passage of Large Tankers in the Puget Sound
Area," July 1978, performed at CAORF for the U.S. Coast Guard.

OBJECTIVES:

I) To provide data on the transfer and advance of a 400K DWT tanker after
experiencing a combined steering and propulsion failure, under the sane
wind, current, and tug assistance conditions selected for the previous
study.

2) To perform a series of specific computer runs to provide validation of a
formula for the required tug force. The formula was developed from the
previous study and incorporated into the regulations for tank vessel
operations in the Puget Sound area (Federal Register, April 12, 1979).

3) To investigate the effectiveness of a tug attached at the stern ("rudder
tug") which can be utilized to provide not only retarding or accelerating
forces but also course-keeping control. Such a system has been investi-
gated in a limited sea-trial at Port Valdez, Alaska, on July 25, 1978, with
promising results. These results are reported in "A Preliminary Report of
Exploratory Tanker - Tug Maneuvering Tests" prepared by the U.S. Coast
Guard.

4) To correct editorial errors in Volume I of the 1978 Report concerning
co;nputations.

2. 400K DWT TANKER FAILURE STUDIES

The computer runs were made with ship speeds of 4, 6, 8, and 10 knots through
the water and with wind and current conditions as shown in Table I. Rudder
failures occurred at -150 and at -350 (right rudder). Tugs (0, 2, or 4) were
attached to the ship at all times on soft lines, and a 90-second delay was
introduced between the time of the actual failure and the full application of tug
force. When the ship speed through tie water was greater than 6 knots, the tug
force was further delayed until the ship had slowed to 6 knots. These constraints
are identical to those used in the previous investigation.

The time, position, heading and ground speed listed in Table 2 were extracted
from the computer data when the fore-and-aft speeds through the water had
been reduced to I knot and 0.25 knot respectively. The I-knot speed was
selected because it corresponds to the point where, in the real world, tugs could
begin attempting to turn the tanker and even disengage and hook up differently
in an attempt to tow the ship to safety.

Table 2 shows the maximum values of advance and transfer under all the rudder
failure/tug/environmental combinations for the 400K DWT tanker. Examination



TABLE 1. 400K DWT TANKER CAORF RUNS

Current Wind Ship Speed Tugs* Rudder

270'/40 0 150
-6 kt 0 010kt 2 350

90°/40 4

2700/40 8 kt 0 150
0 kt 0 6 kt 2 350

900/40 4 kt 4

270'/40 8 kt 0 15°

6 kt 0 6 kt 2 350
900/40 4 kt 4

* Each tug provides an 80,000-lb effective pulling force.

of this table shows trends consistent with the previous studies for the 80K, 120K,
165K, and 280K UWT ships, with the values for the 400K DWT ship lying within
the same bounds.

In the absence of wind, the largest transfers occur for the smaller rudder angle
failure. The transfer increases when the wind blows from the west (2700), and
decreases with wind from the east (90°), as would be expected. The transfers
are decreased when tugs are applied. However, the interaction is somewhat
complex as the transfer depends upon the rudder failure angle, the wind direction
and, what is most important, the ship speed, which governs the displacement that
has occurred by the time the tugs first become effective (the time lag).

3. FORMULA VALIDATION

Based upon the previous CAORF data, the U.S. Coast Guard developed an empi-
rical relationship for the tug force necessary to provide a maximum permissible
value of the transfer distance.

F = KDU
2

where F = Static tug force in pounds
D = Displacement tonnage (long tons)
U = Ship speed through water in knots

and
K = 47.433/maximum permissible transfer (in feet)

2
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TABLE 2. EFFECTIVENESS OF TUGS IN SLOWING
400K DWT TANKER AFTER RUDDER FAILURE (CONT)

NOTES:

a. Ship's initial heading: 0000 T

b. Computer coordinates of ownship at the time of rudder failure:

X = 50,000 ft0

Y = 50,000 fto

c. Negative values of current denote head-on current (setting 1800).

d. Runs were terminated after the ship speed had been reduced to 0.25 knot
or after 30 minutes, whichever occurred first. Values shown without a
prime (') and without parentheses are those that had been reached before
that run was terminated. Values shown primed were maximum values
achieved at 0.25 knot; the run was terminated before actual maximum was
reached. Values shown in parentheses were obtained in runs terminated at
30 minutes, before the ship speed had been reduced to 0.25 knot.

The displacement tonnage D = k x (DWT), where k = 1.19, 1.09, 1.14, and 1.16 for
the 120K, 165K, 280K, and 400K DWT tankers, respectively.

The details of the derivation of this formula are presented in "Summary of
Development of Tug Assistance Formula for Proposed Tanker Regulations for
Puget Sound," prepared by U.S. Coast Guard.

The matrix of validation runs that were performed in this study is shown in
Table 3. Four ship sizes are evaluated, all at 8-knot ship speed and in the
absence of current. Wind is either absent, or blows from the east or west as
previously, at 40 knots. The calculations were carried out using dynamic
retarding forces rather than the static bollard pulls estimated from the above
formula. The tanker-tug trials at Port Valdez indicated that the actual pulls
experienced when the tug is thrusting against the motion of the ship are larger
than the static pull calculated under the same engine conditions. An effective
multiplying factor of 1.20 was therefore recommended by the U.S. Coast Guard
in calculating the dynamic tug forces to be applied in this study.

The results of these computer runs are shown in Tables 4 through 7. From the
data, it can be seen that the actual transfer for the 165K DWT was well within
the acceptable values. The transfer for the 120K and 280K DWT ships slightly
exceeded the maximum permissible value of 3,760 feet -- the 120K DWT
excseded its maximum permissible value by 227 feet when the rudder failed at
-15 and the wind was from the west, while the 280K DWT exceeded its value
156 feet with the wind also from the west but with the rudder failed at -35

10
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For the 400K DWT tanker, the calculated transfers were very much smaller than
the maximum value of 3760 feet. The largest transfer (1,665 feet) for the 400K
DWT tanker occurred when the rudder failed at -15 ° and the wind was from the
west.

4. RUDDER TUG CONTROL

Two forms of rudder tug control were studied. In one, the tug was pushing on the
stern and pivoting so as to provide a turning moment on the ship. In the other,
the tug at the stern was pulling against the ship's motion at an angle, thereby
providing a decelerating force and a turning moment on the ship. (The previous
study maintained this decelerating force in the fore-aft direction so that it did
not provide a controlling moment on the ship.)

The rudder-tug was used in an attempt to bring the ship back on course following
a combined rudder/engine failure. As in the previous study, a 90-second time "lag
was introduced. Due to the similarity between the action of a rudder and the
action of tugs in controlling a ship, an "Autotug" equation similar to the
conventional course-keeping P-I-D controller was developed as used to control
the angle, a , between the tug line of action and the ship centerline, as shown in
Figure 1.

Special note should be taken here of the limitations of this preliminary study of
rudder-tug control. The first limitation results from the neglect of the presently
unknown, complex hydrodynamic flows and forces acting on both the tug and the
ship. A constant tug force acting at various angles was the only force included
in the analysis. Two values were used: 80,000 and 160,000 pounds. It is probable
that the hydrodynamic forces are substantial, probably additive (diminishing the
transfer) in the rudder-tug pushing mode and possibly subtractive in the pulling
mode. The second limitation is one of practicality. Most normal tugs can
perform the rudder-tug angular pushing actions since the water flow over their
rudders is substantial and basically from forward to aft in this mode. However,
for the pulling mode, it is probable that only the highly maneuverable types could
perform the angular pulls since the water surrounding the rudder for the normal
type is in a highly confused state.

The Autotug equation used to determine the tug angle, a (positive when mea-
sured clockwise) is

L t

a A(* -4d) + B(L)4 + C i) dt

where U = Ship speed in feet/second

L = Ship length in feet

A, B, C are dimensionless gains 4, 2, 0.5, respectively. (These
values were found appropriate in other studies performed at CAORF.)

= Ship heading (degrees)

d = Desired ship heading (initial heading at time of failure).
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Figure 1. Notations Used in Autotug Equation

If F = tug force (positive when the tug is pulling on the stern, Figure 1).

then F x = - F cos a : longitudinal tug force

Fy = - F sin a = lateral tug force

N = F (L/2) sin a = moment about the ship c.g.

The rudder tug calculations were performed with the ship heading initially to the
west (2700). In the case of the 80K DWT ship, winds were also included, blowing
from the north onto the starboard beam and from south onto the port beam.
Relative to the ship, these wind directions are similar to those used in previous
studies.

Rudder Tug Pushing

Runs made with the 80K DWT ship are shown Table 8. The ship speed was
6 knots, rudder failures occurred at -15 ° and -35 ° , and currents were absent in
all cases. Two levels of tug force were used, 80,000 and 160,000 with the tug
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pushing on the stern and pivoting to provide course-keeping control. The tug
angle was unrestricted in this case.

For the -150 rudder failure a maximum tug angle of approximately 700 was
required, whereas an impractical value of much greater than 90 was needed
when the -35o failure took place. Transfers are shown after a 30-minute period,
along with the corresponding ship heading, course and speed. It can be seen that,
with the larger tug force, a considerable increase in speed occurred up to 10
knots, at which level the tug effectiveness becomes questionable. Table 8 also
presents similar results in the presence of beam winds from port and starboard.

For the remainder of the rudder tug runs, in both this pushing and also the
retarding case, the tug angle was limited to a maximum value of 600.

Table 9 presents data for comparing the behavior of the three ship types with
ship speeds of 3 and 6 knots and under the control of rudder tugs.

From these data, when a -15O rudder failure occurs, it appears that the
maximum transfer after 30 minutes increases with increasing ship size at speeds
of 6 knots, but the opposite is true when the speed is 3 knots. The transfers for
the 80K and 165K DWT tankers decrease considerably with increased tug force
at 6-knot initial ship speeds, but are only slightly larger in the case of the 3-knot
ship speed. When the rudder fails at tne higher angle, high values of transfer
result (8,100 to 9,400 feet) at the 6-knot speed when an 80,000 pound force is
applied for all the ship sizes considered. For the 80K DWT tanker, the transfer
is high (9,426 and 6,492 feet) with both levels of tug force, but there is a
considerable reduction in the case of the other ships when the tug force is
doubled.

At 3 knots and the 350 rudder failure, the 165K DWT ship has tile highest
transfer with the 80,000-pound tug force; the transfer is reduced when this force
is doubled. The 80S DWT tanker, on the other hand, appears to develop a larger
transfer with the larger tug force, whereas the transfer of the 280K DWT ship is
not altered significantly.

From these observations, it is apparent that there are no obvious proportional
changes in transfer magnitudes either with ship size or with tug pushing force.
For given tug forces and ship speeds, however, the transfers are always higher
when the rudder failure angle is higher. It must be emphasized, however, that
these observations are based on transfers occurring after a period of 30 minutes.
In many cases, higher transfers can occur either before 30 minutes have elapsed
or afterwards. In Figure 2, comparisons of ground tracks for the three ships
sizes are made as functions of rudder failure angle and ship speed. The total
time period encompassed by each plot is 60 minutes, and the 30 minute points
are indicated. From these plots, the maximum extent of the transfers can be
readily seen.

Retarding Tug Control

In this case, the rudder tug not only provides a retarding, force to slow the ship,
but also provides a turning moment opposite to that caused by the rudder failure
in an attempt to maintain the original course of 2700.
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Figure 2. Effectiveness of oPushingoTugs on 80K, 165K, and 280K DWT
Tankers with 15 and 35 Rudder Failure
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In all computer runs, wind and current were set to zero, and the rudder-tug angle
was limited to a maximum value of 600. Whereas in the pushing case the tug
applied a pushing force inclined at a positive angle to the ship's fore-and-aft axis
(to port side), here the tug applied a pull at a negative angle to the ship
centerline, on the starboard side. Three ship types were again studied, and the
data are presented in Table 10, and the actual ship trajectories are shown in
Figure 3 with a time period of two minutes between each ship position. Note
that the X and Y axis scales are different from those in Figure 2. Again the
tracks are shown when the failure rudder angles are -15 ° and -35 , and the
speeds are 3 and 6 knots respectively. As seen in Table 10, the transfers, when
the ship speed reaches I knot and also 0.25 knot levels, are much higher when the
ship speed is higher, and also increase with increasing ship size. They also tend
to be higher for the smaller rudder angle failure at the I-knot level. An opposite
trend occurs when the speed has been reduced to the 0.25-knot level, where the
transfer is consistently higher with the larger rudder failure angle, and more so
at the higher ship speed. Also, whereas the tug angles required to maintain
course are moderate at the 3-knot initial ship speed, the tug angle tends to be
saturated at 600 when initial ship speed is 6 knots.

The final headings in the majority of the runs are very close to the initial
heading of 2700 (except for the 165K DWT tanker with with 350 rudder failure
and 6-knot speed). At the point where the speed has been reduced to 0.25 knot
(where anchoring is possible), the actual ship course is much greater than the

desired heading, due to a high value of the drift angle i.e. the lateral drift speedof the ship is high compared to the forward speed.

The highest transfers 3,698 feet), were registered for the 165K DWT tanker at
6-knot speed and -35 rudder failure angle, followed by the 280K DWT ship
(3,439 feet) and then by the 80K DWT ship (1,588 feet). At 3-knot ship speeds,
the transfer experienced was minimal for all ships with both rudder failure
angles.

Again, rudder-tug angles were alwa)s higher when the speed was 6 knots and, in
most cases, they saturated at the 60 maximum.

On comparing the results of this rudder-tug retarding/control system to the
previous data where only retardation was possible, it is apparent that the system
has great potential. This confirms, in a simplified way, the encouraging results
that were obtained in the sea trials in Port Valdez in 1978.

5. CORRECTIONS TO VOLUME I OF THE 1978 REPORT

On page 2-23 of the 1978 report, an incorrect set of equations for surge, sway,
and yaw was presented, which also included some typographical errors and some
omissions. These are corrected below.

The equations shown in Volume I were of the "Eda" form employed in the CAORF
simulator whereas those actually used in the computations were a condensed, 3
degrees of freedom, version of the 6 degree of freedom equations appearing in
"Ship Dynamics Data Base, 5, Final Report" by C. F. Kottler, (NMRC-KP-157,
March 1976) prepared for NMRC. These equations differ essentially only in the
form of the rudder forces and moments, and in the values to be assigned to some
of the hydrodynamic coefficients.
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Figure 3. Effectiveness of 80,000 Poujid Retarding Tug on 80K, 165K, and
280K DWT Tankers with 15u and 35 0Rudder Failure
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These 6 DOF equations, when heave, pitch and roll and their coupling with yaw,
surge and sway are assumed negligible, reduce to:

1 (u-rv) = 1/2 p [cL2U + cIvrL + c2 L3v + c4 L

+ KRL 2 U2 c 3(8 +))2 cosp+ KRL 2 U2 c10 (8 + G) sin]

+(clU2 + c12 un +c13 n2 ) + XWIND + XEXT

/2bL 2 U 2 +bL3U b2U2K

(v, + ru) 1 /p 1b +bL2Uv + b2 rL U + b3L U (8 +8 )cos'a

L3 L4 2 L2  3

5 T 6 U 7 T v
L5

"b L- r3 + L 2 U2 KR b9 ( 3) + L 2 U2 KR bl 0 (8+G) 2 sin.3

+b 1 2 L3 v] + "WIND + YEXT

I L r 1/2p[a+ K3U2+2a L3Uv +a 2 UL4r (8+P )cosP

L4 2 L5 L3  3  6

+as - v r +a 6 -- vr2 +a 7  v +a 8 L r3
U

+ a 9 L3U2KR8 3 U L3U2KR a10 (8+03)2 sin/3

+ a IIL + NWIND + NEXT
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The corrected forms of the "Eda" equations appearing on page 2-23 of Vol. I of
the 1978 report are:

,%I(u' -rv) =1/2 p Ic0L2U2+ C IvrL 3 +c 2L2v 2 +C 3K RL U2

+ L uj c1 U + c 12 un + c n

WINO WIND

M(" + ru) 1/2P[boL2U 2 + bL 2Uv + b 2 rL3U + b3 KRL 2U2

L 3  2 L 2 2  3 L1 3+ b5 U v r + b6  vr + b7 _-- + b -- r

3. 2 +bKL 2  3~ +y+ b 12Lv + b9 KR L 3 + YWIND + YEXT

I 2pa 0 LU2 +aL3Uv + a 2 UL 4r + a3 K RL3U 2

L4 2 L5  2 L3  3 L6  3+ a 5 j- v r + a 6 - vr + a7 U-v + a8 U- r

5.S a9R2L38 31+ + a 3 + NWIND + NEXT

6. SUMMARY

o Studies were made to determine the transfer and advance of a 400K DWT
tanker under wind and current conditions similar to previous studies
performed on four smaller ship sizes at CAORF. These present studies
indicated that both the transfers and the advances that result fall within
the same ranges reported previously for the smaller ships.
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o Computer runs were made to study the advance and transfer of four ship
sizes ranging from 120K to 400K DWT moving at 8-knot speed in the
absence of current. The wind conditions imposed were identical to
previously reported studies. Retarding dynamic tug forces, calculated by
means of a formula derived from the previous data, were used. On this
basis, it was found that the actual transfers were very close to the
maximum permissible values based on this formula, which was incorporated
in the U.S. Coast Guard regulations for tanker vessel traffic in Puget
Sound. In fact, the permissible value was very conservative in the case of
the largest ship.

o The concept of a rudder tug which can provide either pushing or retarding
forces in addition to course-keeping control was investigated. The results
were very encouraging and tend to confirm the results of actual sea trials
performed in Port Valdez in 1978.

7. RECOMMENDATIONS FOR FURTHER STUDY

The rudder tug concept employed in this study was very basic, and did not
attempt to investigate the intricate hydrodynamic problems that are actually
present. The study indicates that such investigations should be pursued in the
future, so that more realistic comparisons can be made with tanker/tug sea
trials. In addition, continued off-line studies that use the "Autotug" concept,
followed by interactive off-line studies with a human operator replacing the
mathematical model, and eventually on-line studies on the CAORF simulator,
should be pursued.

On the basis of the knowledge gained from these endeavors, recommendations
can be made to ensure the ultimate safety of tanker operations in confined
waterways.
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